Deletion of most of the coding region of the ppGpp synthetase gene (relA) of Streptomyces coelicolor A3(2) resulted in loss of ppGpp synthesis, both upon entry into stationary phase under conditions of nitrogen limitation and following amino acid starvation during exponential growth, but had no effect on growth rate. The relA mutant, which showed continued rRNA synthesis upon amino acid depletion (the relaxed response), failed to produce the antibiotics undecylprodigiosin (Red) and actinorhodin (Act) under conditions of nitrogen limitation. The latter appears to reflect diminished transcription of pathway-specific regulatory genes for Red and Act production, redD and actII-ORF4, respectively. In addition to the changes in secondary metabolism, the relA mutant showed a marked delay in the onset and extent of morphological differentiation, resulting in a conspicuously altered colony morphology.
Streptomycetes are gram-positive mycelial soil bacteria that produce a wide variety of secondary metabolites, many with important applications as antibiotics or other useful compounds in human medicine and in agriculture (6, 40) . Secondary metabolism is generally confined to stationary phase in liquid culture and usually coincides with the onset of morphological differentiation in surface-grown cultures. This latter process involves the growth of aerial hyphae from the filamentous substrate mycelium and subsequent septation of the aerial hyphae to yield chains of unigenomic spores (14) . While the physiological signals and underlying regulatory mechanisms that regulate antibiotic production remain to be fully elucidated (12) , most of the published data are consistent with a role for a low growth rate, or the cessation of growth, in determining the onset of secondary metabolism (13) .
In Escherichia coli, the highly phosphorylated guanine nucleotides ppGpp and pppGpp have been implicated in growth rate control of gene expression (26, 28, 50, 51 ; see also references 1a, 15a, and 20a) and in the regulation of stationaryphase gene expression (22) . In streptomycetes, several studies (reviewed in references 11 and 56) have noted a correlation between ppGpp synthesis and the onset of antibiotic production, leading to the suggestion that ppGpp plays a central role in triggering antibiotic biosynthesis (47) . In our own work, we have examined the relationship between ppGpp synthesis and the production of undecylprodigiosin (Red) and actinorhodin (Act) in Streptomyces coelicolor A3(2) (54, 56, 58) ; in general, we have noted a positive correlation between the appearance of ppGpp and transcription of pathway-specific activator genes for each antibiotic (redD for Red and actII-ORF4 for Act). Although such correlations are intriguing, they do not establish a signalling role for ppGpp in triggering antibiotic biosynthesis. Moreover, the reduction in antibiotic production frequently observed in relC mutants of several Streptomyces species (42, 43, (45) (46) (47) could, in principle, reflect impaired protein synthesis rather than reduced levels of ppGpp (relC mutants are defective in ribosomal protein L11, which is required for activation of the ribosome-bound ppGpp synthetase, and grow at about half the maximal rate of the wild-type strains).
In E. coli, (p)ppGpp is synthesized from ATP and GTP predominantly by the ribosome-bound RelA, which is activated when an uncharged tRNA binds to the acceptor site of translating ribosomes (9) . To address the role of ppGpp in determining the onset of antibiotic production in a more direct manner, we isolated the ppGpp synthetase gene (relA) of S. coelicolor, the genetically best-characterized streptomycete (30) , and used the cloned fragment to construct relA insertion and deletion mutants (11) . Detailed analysis of the insertion mutant, which appeared to be unaffected in antibiotic production, indicated that it was still capable of ppGpp synthesis, potentially reflecting residual RelA activity (11) . In contrast, the relA deletion mutant failed to make Act and Red, but in a medium-dependent manner. In similar studies, Martínez-Costa et al. (37) made a relA deletion mutant of a different S. coelicolor strain, J1501; while Act production was lost, there was no apparent effect on Red synthesis. To address the basis of this conditional phenotype and assess the effect of a null mutation in relA on the expression of the pathway-specific regulatory genes for Act and Red, we carried out a detailed phenotypic analysis of our relA deletion mutant and concluded that relA is required for antibiotic production under conditions of nitrogen limitation.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and microbiological procedures. E. coli K-12 strains DH5␣ (25) and ET12567 (35) were used for routine subcloning and were grown and transformed by standard procedures (49) . The S. coelicolor A3(2) strains used were M600 (SCP1 Ϫ SCP2 Ϫ ; 6a); M145 (SCP1 Ϫ SCP2 Ϫ ; 29) and its Pgl Ϫ derivative J1929 (4), and J1501 (hisA1 uraA1 strA1 Pgl Ϫ SCP1 Ϫ SCP2 Ϫ ; 15). Transformation was done as described previously (29) . SFM medium (20) was used to make spore suspensions. SMMS (a solidified version of SMM; 20, 58), R5 (29) , and R2 (29) were used to assess antibiotic production. RNA was isolated from liquid cultures grown in SMM (58) . Calcium-dependent antibiotic (CDA) production was determined by the method of S. Podmore and C. P. Smith (48a) .
Isolation and manipulation of DNA and RNA. Plasmid DNA was isolated from E. coli derivatives, and plasmid and total DNAs were isolated from S. coelicolor strains as previously described (references 11 and 29, respectively). Southern analyses (53) were performed by using 32 P-labelled probes made by random oligonucleotide priming (49) . RNA was isolated as described earlier (29) . Construction of relA deletion mutants. A 3.4-kb BamHI fragment containing the first 500 nucleotides of the relA coding region and a 4.5-kb NotI fragment containing the last 491 nucleotides of relA were cloned, in stepwise fashion and in the same relative orientation as in the chromosome, in the BamHI and NotI sites of the polylinker of pIJ2406, yielding pIJ6072. pIJ2406, a pBluescript SKϩ derivative that is unable to replicate autonomously in streptomycetes, contains tsr, which confers resistance to thiostrepton (20) . A 1.7-kb BglII fragment containing a hygromycin (Hyg) resistance gene (hyg; 63) was blunt ended by using the Klenow fragment of DNA polymerase I and cloned in pIJ6072, which had been digested with XbaI and similarly blunt ended, yielding pIJ6073; the XbaI site of pIJ6072 lies between the BamHI and NotI sites used to clone the fragments containing the 5Ј and 3Ј segments of relA, respectively. Samples (5 g) of pIJ6073 DNA in 9 l of water were denatured by adding 2 l of NaOH, incubated at 37°C for 10 min, and transferred to ice, and the solution was neutralized by adding 2 l of 1 M HCl. The resulting single-stranded DNA was used to transform protoplasts of M600, M145, J1929, and J1501 (48) . Transformants were selected on R5 supplemented with 200 g of Hyg ml Ϫ1 and subsequently replicated to R5 containing 5 g of thiostrepton ml Ϫ1 . Putative recombinants, in which a double-crossover recombination event might have replaced the internal segment of relA with hyg, were identified as thiostrepton-sensitive, Hyg-resistant colonies and purified by single-colony isolation. Southern analysis of PstI-and PvuII-digested total DNA isolated from each strain, by using a 1.7-kb XbaI-PvuII fragment from pIJ6054 (10) that contained the 5Ј half of relA labelled with 32 P by random oligonucleotide priming as a probe, confirmed replacement of the chromosomal copy of relA with the mutant allele. A 2.8-kb PvuII fragment and PstI fragments of 4 and 6 kb in the relA ϩ strains were replaced with 5.9-kb PvuII and 5-kb PstI fragments, respectively, in the mutants, in agreement with the restriction maps of the relA region and pIJ2406 (see Fig. 1 ).
Complementation of relA null mutants. A 3.7-kb XbaI-EcoRI fragment containing the entire relA coding sequence and promoter region was isolated from pIJ6055 (10) and cloned in pSET152 (7), which had been digested with XbaI and EcoRI, yielding pIJ6074. pIJ6074 was introduced by transformation into the nonmethylating E. coli ET12567 strain, which contained the RP4 derivative pUB307 (5) . Conjugal transfer of DNA from E. coli to S. coelicolor was performed by using a modification (19a) of the method of Mazodier et al. (38) as described in reference 32. Exconjugants were purified by single-colony isolation, and plasmid integration into the chromosome was confirmed by Southern analysis of total DNA.
Amino acid depletion and nucleotide pool assays. Amino acid depletion and nucleotide pool assays were conducted essentially as described in reference 54. S1 nuclease protection assays. A 570-bp AccI-BanI fragment from pIJ2820 (54) that contains the 16S rRNA promoter region was used as a probe to detect rrnD transcripts; the fragment was uniquely labelled at the 5Ј end of the AccI site located immediately upstream of the 16S rRNA coding region with [␥-32 P]ATP and T4 polynucleotide kinase. A 465-bp XhoI-AseI fragment from pIJ2334 (36) containing the actII-ORF4 promoter region was used as a probe to detect actII-ORF4 transcripts; the fragment was uniquely labelled with [␥- 32 P]ATP at the 5Ј end of the XhoI site that lies 356 bp downstream of the actII-ORF4 translational start site. A 1.3-kb ClaI-NdeI fragment from pIJ6013 (58) that contains the redD promoter region was used as a probe to detect redD transcripts; the fragment was uniquely labelled at the 5Ј end of the ClaI site that lies 29 bp downstream of the redD translational start codon. A 498-bp SacI-SalI fragment from pIJ6068 (11) , uniquely labelled at the 5Ј end of the SalI site that lies 136 nucleotides downstream of the relA translational start site, was used as a probe to detect relA transcripts. All of the S1 nuclease protection experiments were carried out at least twice by using RNA isolated from independently grown cultures, and the results presented were shown to be reproducible.
RESULTS
A relA deletion mutant of S. coelicolor M600 lacks detectable ppGpp synthesis under conditions of nitrogen limitation. Since it appeared likely that the relA insertion mutant of prototrophic S. coelicolor J1929 reported previously (11) was not a null mutant, a relA deletion mutant was made by gene replacement. A mutant relA allele was constructed in which most of the relA coding region (corresponding to amino acid residues 167 to 683 of 847) was replaced by a hygromycin resistance gene (hyg). This allele was used to replace the chromosomal copy of relA in S. coelicolor A3(2) strain M600, a prototrophic, plasmid-free derivative of the wild-type strain, to give M570 ( Fig. 1) .
To assess the effect of the relA mutation on ppGpp synthesis in S. coelicolor, M600 and M570 were grown in SMM liquid medium until mid-exponential phase (optical density at 450 nm [OD 450 ], 0.5) and subjected to amino acid depletion by rapidly transferring the cultures to SMM lacking amino acids. Nucleotides were extracted with 1 M formic acid 0, 7.5, and 15 min after this nutritional shiftdown and analyzed by high-performance liquid chromatography (HPLC). The levels of ppGpp in M600 7. (Fig. 3) .
The relA null mutant shows relaxed control of stable RNA synthesis. The hallmark of the stringent response in E. coli is a drastic reduction in stable RNA (tRNA and rRNA) synthesis upon amino acid starvation (21) . Mutants defective in the stringent response (relaxed mutants) continue to synthesize stable RNA under these conditions (9) . The effect of amino acid starvation on stable RNA synthesis in M570 was studied by using rrnD, one of the six rRNA gene sets of S. coelicolor (2) . rrnD is transcribed from four promoters (p 1 to p 4 ), all of which are subject to negative stringent control (54) .
RNA was isolated immediately before (0 h) and 1 h after exponentially growing cultures of M600 and M570 (OD 450 ; 0.5) were subjected to amino acid depletion. S1 nuclease protection assays of rrnD transcripts revealed six RNA-protected fragments (Fig. 4) , as described previously (3) . Four of these correspond to transcript initiation at the rrnD promoters p 1 (516 nucleotides), p 2 (466 nucleotides), p 3 (319 nucleotides), and p 4 (239 nucleotides). Two additional bands were present that are not observed in in vitro transcription experiments (3); one represents the premature form of the 16S rRNA and corresponds to a processing site (170 nucleotides), and the other is a protected fragment of unknown origin (S5, 201 nucleotides) that probably represents partial hybridization of the probe to transcripts originating from one or more of the other rRNA gene sets. In exponentially growing cultures of M600 and M570, p 3 and p 4 were the strongest promoters while transcription from p 2 was virtually undetectable. Following nutritional shiftdown at an OD 450 of 0.5, marked reductions in the levels of the four primary transcripts were observed within 1 h in M600 (Fig. 4) , consistent with previous observations (54) . However, amino acid depletion caused only a small reduction in rrnD transcript levels in M570, confirming the relaxed phenotype with respect to rRNA synthesis.
The relA null mutant is conditionally defective in antibiotic production and morphological differentiation. Unlike that of the relA disruptant J1929::KC936 (11), the growth rate of M570 in SMM was not impaired, and in this respect, M570 resembles E. coli relA null mutants (19) . Both M600 and M570 grew with a doubling time of about 2 h, the cultures entering stationary phase 18 to 20 h after inoculation, at an OD 450 of approximately 2.0 (Fig. 3) . In M600, Red production occurred immediately upon entry into stationary phase and Act synthesis was detected 7 to 10 h later. Neither pigmented antibiotic was detected in M570. Moreover, while Act (but not Red) production occurred in M600 after a mid-exponential-phase (OD 450 , 0.5) culture was subjected to amino acid starvation, consistent with earlier observations using S. coelicolor M145 (54) and J1929::KC301 (11), neither pigmented antibiotic was produced by similarly treated cultures of M570.
When grown on SMMS, a solidified version of SMM, M570 failed to produce either Red or Act (Fig. 5) . No perceptible effect on antibiotic production was observed on R2 medium, in which growth is likely to be phosphate limited (see below). On the rich R5 medium (R2 supplemented with 0.5% [wt/vol] yeast extract), production of blue diffusible pigment (presumably the lactone form of Act, ␥-actinorhodin; 8) was abolished, production of the purple mycelial form of Act was markedly reduced, and Red production was apparently unaffected. To determine whether relA is required for production of the (calcium-dependent antibiotic (CDA) made by S. coelicolor, M600 and M570 were monitored for CDA synthesis on Oxoid Nu- . RNA was isolated immediately before (0 h) and 1 h after exponentially growing (SMM) cultures of M600 and M570 were subjected to amino acid depletion at an OD 450 of 0.5 and used for S1 nuclease protection analysis with a uniquely end-labelled, rrnD-specific probe. P1, P2, P3, and P4 correspond to transcripts originating at the four rrnD promoters; P.S. represents a processing site, and S5 represents a protected fragment of unknown origin. SM, 32 P-end-labelled, HaeIII-digested X174 size markers. Probe, location of the full-length probe. nt, nucleotides. trient Agar, SMMS, R2, and R5. The mutation had no discernible effect on CDA production.
To determine the basis of the conditional phenotype of the ⌬relA mutant, the level of phosphate in SMMS and SMM was reduced from the usual 1.2 mM to 0.2 mM, resulting in phosphate-limited, rather than nitrogen-limited, growth (the culture entered stationary phase at an OD 450 of 1.2, rather than the 1.8 to 2.0 observed in SMM). Production of Red and Act was restored in M570 apparently to wild-type levels, beginning during transition and stationary phase, respectively, in an identical manner to M600. Comparison of the compositions of R2 and SMM suggests that growth on R2 is likely to be phosphate limited. Moreover, since R2 agar medium contains a high level of CaCl 2 (20 mM) a significant proportion of the 0.36 mM phosphate initially present is likely to be sequestered in the form of highly insoluble Ca 3 (PO 4 ) 2 . Consistent with the notion that relA is required for sensing of nitrogen starvation as a signal for antibiotic production, increasing the amount of phosphate in R2 from 0.36 to 1 mM severely reduced Act production in M570 but had no effect on M600. Correspondingly, increasing the CaCl 2 concentration in SMMS from the usual 9 M to the 20 mM present in R2, potentially resulting in phosphate limitation, restored Act and Red production in M570 almost to wild-type levels.
The relA null mutant was also defective in morphological differentiation on SMMS but not on R2 or R5. Although M570 produced a characteristic white aerial mycelium, the grey polyketide pigment associated with mature spores (16) was absent (Fig. 6) . Phase-contrast microscopy revealed a marked reduction in the number of spores formed. In addition, gross colony morphology was altered and the diameter of individual colonies of M570 was significantly greater than that of the congenic relA ϩ strain; vegetative growth of the M570 substrate mycelium continued radially after that of the M600 colonies had ceased and aerial mycelium had begun to form, presumably in response to nitrogen limitation.
Complementation of the relA mutation. To confirm that the mutant phenotypes were due to the absence of a functional relA rather than to a mutation elsewhere in the genome, a wild-type copy of relA was reintroduced into M570 by using the conjugative vector pSET152 (7), which integrates into the chromosome of S. coelicolor by site-specific recombination at the bacteriophage C31 attachment site, attB (34) . Conjugal transfer of DNA from E. coli to Streptomyces requires oriT and the tra gene functions of RP4 supplied in trans by the E. coli donor strain (38) . A 3.7-kb XbaI-EcoRI fragment containing the entire relA coding region and upstream promoter sequences was cloned in pSET152. The resulting plasmid, pIJ6074, was transferred to S. coelicolor by conjugation via the E. coli donor ET12567 containing the RP4 derivative pUB307. Exconjugants were purified by single-colony isolation. Plasmid integration into the chromosome was confirmed by Southern analysis of total DNA. Surprisingly, as well as the expected hybridizing fragments, additional bands were detected in three of the four exconjugants analyzed; these appeared to have resulted from integration of pIJ6074 by homologous recombination on both sides of the mutant relA locus (deduced from restriction maps of the relA region of the chromosome and of pIJ6074). Antibiotic production and normal morphological differentiation were restored on SMMS in all four of the exconjugants. Moreover, ppGpp production following amino acid depletion of an exponentially growing SMM culture of M574, which contained a single copy of pIJ6074 integrated at attB, was restored to wild-type levels (215 pmol mg Ϫ1 [dry weight]). relA is required for transcription of redD, the pathway-specific regulatory gene for Red production, under conditions of nitrogen starvation. Previous S1 nuclease protection experiments using RNA isolated from S. coelicolor M145 had shown that the level of the redD transcript, which was barely detectable during exponential growth, increased dramatically upon entry into stationary phase. Nutritional shiftdown at an OD 450 of 0.5 had no immediate stimulatory effect on redD transcription (58) . Transcription of redD was assessed both during normal growth and following amino acid depletion in M600 and M570. Transcription of redD was undetectable during exponential growth of M600 but increased upon entry into stationary phase (Fig. 7A) ; Red production soon followed, consistent with earlier data for M145 (58) . Neither transcription of redD nor Red production was detected in M570 (Fig. 7A) . Following nutritional shiftdown at an OD 450 of 0.5, neither transcription of redD nor Red production was detectable in M600 or M570 (data not shown), consistent with previous observations on M145 (58) . However, amino acid depletion of M600 at an (Fig. 7B) and Red production in 4 h, again similar to earlier reports for M145 (55) ; neither occurred in an identically treated culture of M570 (Fig. 7B) . Transcription of the pathway-specific regulatory gene for actinorhodin production, actII-ORF4, is markedly reduced in the relA mutant. Earlier S1 nuclease protection experiments had shown a marked increase in the level of the actII-ORF4 transcript during the transition of strain M145 from exponential growth to stationary phase (23) . In M600, a low level of the actII-ORF4 transcript was detected during exponential growth, which increased sharply upon entry into stationary phase (Fig.  7C) ; Act production followed 7 to 10 h later. In M570, transcription of actII-ORF4 was also observed upon entry into stationary phase, but at a lower level than in M600 (Fig. 7C) , and Act was not produced, even on prolonged incubation.
Similar results were obtained when nutritional shiftdown was applied to an exponentially growing culture (OD 450 , 0.5) of M600. Transcription of actII-ORF4 was detected within 1 h of amino acid starvation (Fig. 7D) , consistent with previous observations for M145 (55); Act production was observed 7 to 10 h later. No stimulation of actII-ORF4 transcription was observed following identical treatment of M570 (Fig. 7D) , and no Act was produced.
Transcription of relAp 1 is not subject to positive stringent control. S. coelicolor relA is transcribed from two promoters, relAp 1 and relAp 2 , and also by transcription from a promoter located upstream of, or within, the adjacent apt gene (11) . Transcription from relAp 1 peaked during transition phase and following nutritional shiftdown, suggesting that relAp 1 is subject to positive stringent control mediated by ppGpp (11) . To address this possibility, transcription of relA was assessed following amino acid starvation of M570. The same pattern was observed for both M600 and M570: transcription from relAp 1 increased considerably after nutritional shiftdown, while the relAp 2 transcript persisted at a relatively constant level (Fig. 8) , as previously observed (11) .
DISCUSSION
In contrast to its congenic parental strain (M600), the relA deletion mutant M570 produced no detectable ppGpp on entry into stationary phase upon nitrogen limitation, nor following amino acid starvation during exponential growth. This contrasts with the relA disruptant J1929::KC936 (11), in which elevated basal levels of ppGpp were observed which did not increase upon nitrogen limitation. This suggests that the prophage insertion in J1929::KC936 did not produce a null relA allele. Indeed, insertions in, and partial deletions of, relA in E. coli can result in the retention of ppGpp synthetase activity (51) . The ability of E. coli RelA to bind to ribosomes has been attributed to the carboxyl-terminal domain of the protein (39) , and a C-terminally truncated RelA containing the N-terminal 455 (of a total of 743) amino acids, retained ribosome-independent ppGpp synthetase activity. However, a truncated derivative that contained the 331 N-terminal amino acids was ) and M570 (⌬relA) in SMM. RNA was isolated during the exponential (EX), transition (TR), and stationary (ST) phases of growth and subjected to S1 nuclease protection analysis using uniquely end-labelled redDand actII-ORF4 specific probes. RNA-protected fragments of 225 and 384 nucleotides (nt) were observed for redD and actII-ORF4, respectively, consistent with previously published results (17, 54, 58) . SM, 32 P end-labelled, HaeIIIdigested X174 size markers. (B and D) Transcription of redD (B) and actII-ORF4 (D) after amino acid depletion at OD 450 s of 0.6 and 0.5, respectively, of M600 (relA ϩ ) and M570 (⌬relA). RNA was isolated at the times indicated after the strains were subjected to amino acid depletion and was then used for S1 nuclease protection analysis. See above for further details.
inactive (51) . It is therefore likely that the N-terminal segment of S. coelicolor RelA that remains after disruption in J1929:: KC936 (and which corresponds to the first 380 amino acids of E. coli RelA) possesses ribosome-independent ppGpp synthetase activity.
Previous studies of ppGpp and antibiotic production in S. coelicolor used M145 as the model strain (54, 58) , and in our earlier analysis of relA (11), we disrupted the gene in J1929, a phage-sensitive (Pgl Ϫ ) derivative of M145 (4) . In an independent study (37) , a relA mutant was created in the auxotrophic, plasmid-free strain J1501, whose genome is known to have undergone several deletions (33) . Thus, for comparison, the mutant allele constructed in this study was also used to replace the chromosomal copy of relA in S. coelicolor M145, J1929, and J1501 (data not shown). The conditional defects in Act and Red production observed in the M600 derivative M570 were also observed in the relA mutants of these latter strains. Such medium-dependent phenotypes are frequently associated with pleiotropic regulatory mutants of S. coelicolor that are defective in antibiotic production (13) . While this might indicate the absence of null mutant alleles, it is more likely to reflect the existence of a complex network of regulatory signals and mechanisms that can act independently to activate expression of antibiotic biosynthetic pathways. The different compositions of SMMS and R2 and attempts to identify critical factors by supplementation and subtraction of medium components indicate an essential role for ppGpp in the activation of antibiotic production in response to nitrogen limitation. Presumably, some other relA-independent mechanism is active under the conditions of phosphate limitation predicted for R2. It is unclear whether this mechanism involves ppGpp. If there is relAindependent ppGpp synthesis, it might arise from the novel ppGpp synthetase/polynucleotide phosphorylase activity recently identified in S. coelicolor (31) or from the synthetic activity of a thus far unidentified homolog of SpoT, which in E. coli encodes a 3Ј-pyrophosphohydrolase activity usually involved in ppGpp degradation but which appears to possess synthetic activity under conditions of carbon starvation (27, 62) .
The principal limitation to Act and Red production appears to be the concentration of the pathway-specific activator proteins ActII-ORF4 and RedD. Threshold concentrations of ActII-ORF4 and RedD are required for transcription of their cognate biosynthetic structural genes and the subsequent production of the antibiotics, and premature expression of either regulatory gene leads to precocious overproduction of the corresponding antibiotic (23, 58) . Deletion of relA, to give M570, abolished Act production in liquid culture under conditions of nitrogen limitation but only reduced the level of actII-ORF4 transcription upon entry into stationary phase. In comparable studies, Martínez-Costa et al. (37) made a relA deletion mutant of S. coelicolor J1501. While the residual level of actII-ORF4 transcription in their mutant was markedly lower than that observed in M570, deletion of relA in J1501 abolished transcription of the biosynthetic structural genes actI-ORF1 and actVI-ORF1. Consequently, we believe that the level of ActII-ORF4 in M570 is insufficient to activate Act production. Alternatively, the relA mutation may have affected the expression of bldA, which encodes the only tRNA of S. coelicolor that can efficiently translate the rare leucine codon, UUA, one of which is present in the actII-ORF4 transcript (18) . However, since earlier studies failed to reveal any limitation on the translation of UUA codons during exponential growth in SMM (23), when ppGpp is undetectable, it seems unlikely that relA is required for bldA activity. Transcription of actII-ORF4 and of redD was stimulated following nutritional shiftdown of M600 at OD 450 s of 0.5 and 0.6, respectively. Although this may have been an indirect effect of nutritional shiftdown, rather than of specific induction by ppGpp, no such stimulatory effect was observed in the relA null mutant, consistent with a direct role for ppGpp in antibiotic production.
Transcription of redD in transition phase cultures of M600 correlates with the appearance of ppGpp, and both are absent from comparable cultures of M570. However, while amino acid depletion of M600 at an OD 450 of 0.6 resulted in relA-dependent activation of redD transcription, no such effect was observed at an OD 450 of 0.5; similar observations have been made for M145 (55) , indicating that the apparent ability of ppGpp to elicit redD expression is influenced by other physiological factors. Recent results (59) have demonstrated a role for redZ (24) in the activation of the Red biosynthetic pathway, with RedZ apparently functioning as a transcriptional activator of redD; no homolog of redZ occurs in the act biosynthetic gene cluster. While ppGpp might have been required for expression of redZ, S1 nuclease protection experiments failed to reveal any deleterious effect of the relA deletion on redZ transcription (60) . The reason for the growth stage-dependent effect of nutritional shiftdown on redD transcription remains to be determined, but these results indicate that there are physiological factors other than nitrogen limitation that influence the expression of redD.
The M600 relA null mutant is altered in colony development under conditions of nitrogen limitation, showing delayed aerial mycelium formation, suggesting a role for relA in morphological differentiation. The isolation and characterization of relaxed mutants of several Streptomyces spp. led Ochi (42) (43) (44) (45) to propose that morphological differentiation results from a decrease in the GTP pool, whereas secondary metabolism is due to elevated levels of ppGpp. Addition of the GTP synthetase inhibitor decoynine to an exponentially growing culture of S. coelicolor M145 resulted in reductions in growth rate and intracellular GTP levels very similar to those observed after amino acid depletion, but there was no associated ppGpp, Act, FIG. 8 . Transcription from relAp 1 and relAp 2 after amino acid starvation of S. coelicolor M600 (relA ϩ ) and M570 (⌬relA). RNA was isolated at the times indicated after the strains were subjected to amino acid depletion and was then used for S1 nuclease protection analysis. FLP, location of the fully protected segment of the probe that is homologous to relA.
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relA GENE OF STREPTOMYCES COELICOLOR 5859 on November 7, 2017 by guest http://jb.asm.org/ or Red synthesis (61) . These results are consistent with an important role for elevated levels of ppGpp (rather than a reduction in GTP levels) in triggering the onset of antibiotic production. In S. griseus, the reduction in GTP levels during the stringent response is due partly to inhibition of IMP dehydrogenase (an enzyme required for GMP, and hence GTP, synthesis) by ppGpp (42, 44) , suggesting an indirect role for ppGpp in morphological differentiation. This would be consistent with the delayed appearance of aerial mycelium in relC (42) (43) (44) and relA (this study) mutants. In these relaxed strains, the eventual decline in GTP levels presumably reflects the curtailment of purine nucleotide synthesis upon glycine depletion (41), which is likely to occur more slowly than the inhibition of IMP dehydrogenase by ppGpp. However, increasing the intracellular level of ppGpp in Myxococcus xanthus by inducing the expression of an introduced copy of E. coli relA was sufficient to activate the developmental program in the absence of a decline in the GTP level (52) . Furthermore, lowering the GTP pool by adding specific inhibitors of GTP synthesis did not induce development.
The diameters of M570 colonies on SMMS were significantly larger than those of M600, whereas colonies of the relA disruptant J1929::KC936, which showed elevated levels of ppGpp during exponential growth, were much smaller than those of the congenic relA ϩ strain (11) . Vegetative growth of the substrate mycelium of M570 on SMMS appears to continue longer than in M600 and perhaps reflects the inability of the relA null mutants to sense nitrogen limitation. Such continued growth may result in the depletion of resources normally used for efficient erection of aerial hyphae and sporulation. The phenotype with respect to morphological differentiation was essentially the same when relA was deleted in M145 and J1929. However, the J1501 relA deletion mutant showed delayed aerial mycelium formation on all of the media tested, although no significant difference in colony size or gross colony morphology was apparent, consistent with previous results (37) . The reason for the difference in phenotype observed with the J1501 relA mutant and the other strains is not clear; perhaps ppGpp metabolism in the auxotrophic J1501 differs from that in the wild-type strain. Other differences between J1501 and the prototrophic plasmid-free strains exist; J1501 produces considerably less Act and Red than does either M600 or M145 on most media and differs from M145 in the regulation of C source utilization (1) .
The levels of the relAp 1 transcript following nutritional shiftdown were the same in the mutant and the relA ϩ strain; hence, transcription from relAp 1 is not directly related to the level of ppGpp, as suggested by earlier results (11) . The apparent positive stringent control of transcription from relAp 1 and its growth phase dependence remain to be explained.
